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Tunable Radiation Source by Coupling Laser-Plasma-Generated Electrons to a Periodic Structure
Coherent, tunable sources of infrared (IR) and terahertz (THz) radiation are of interest to many areas of research. Such light sources have many modern applications, such as for characterizing semiconductors and high-temperature superconductors, THz imaging of biomedical tissues, cellular structures, and dielectric substances, manipulation of bound atoms, etc. It is well known that strong THz radiation can be produced directly by the interaction of ultrashort intense laser pulses with gas targets [1] . It is also proposed that strong radiation sources ranging from THz to x ray can be obtained by ultrashort electron bunches either from conventional accelerators or laser-plasma acceleration [2, 3] . Leemans et al. [2] obtained intense longwavelength radiation from femtosecond electron-bunch interaction with the plasma-vacuum boundary. In most schemes for generating IR and THz radiation, subpicosecond several-nC electron bunches are needed. Petawatt-laser interaction with solid targets can create MeV electron pulses with current densities of 10 12 A=cm 2 [4] . However, in applications it is difficult to realize high peak-power coherent radiation because divergence of the electron bunches can rapidly reduce the current density to 10 6 A=cm 2 or less within a short distance from the source.
In this Letter, we report experimental, theoretical, and numerical investigations on the generation of intense radiation between near-infrared (NIR) and far-infrared (FIR) by energetic electron beams from the interaction of intense lasers with solid targets. A tailored wedge target is used for obtaining the high-density electron beams as well as for self-consistently guiding and collimating the latter as they propagate along its grated surface. In the experiment, NIR radiation around 1000 nm is observed. The emission is attributed to Smith-Purcell radiation (SPR) arising from the coupling of the high-density relativistic beam electrons with the grating structure at the wedge surface [5] .
The experiments were performed at the SILEX-I laser facility of the National Key Laboratory of Laser Fusion, Chinese Academy of Engineering Physics, and the P3 laser facility of the Graduate School of Engineering, Osaka University. The SILEX-I outputs 3 J, 800 nm, 30 fs pulses focused into a 5 m spot by an f2; 5 off-axis parabolic mirror, resulting in a peak laser intensity of 5 Â 10 20 W=cm 2 . The experimental configuration is shown in Fig. 1(a) .A1=830 mm grating is chosen to realize output radiation in the NIR range, to which our spectrometer and CCD camera are sensitive. For comparison, another target with the same specifications but having a smooth flat upside surface is also used. Both targets are made of BK7 glass, with the upside surface coated with gold. The radiation emitted from the upside surface of the target due to the laser-plasma interaction on the target surface is collected simultaneously by a CCD camera and a spectrometer in the imaging system, as shown in Fig. 1(a) . A knife edge is used to block the stray light from the laser spot region. That light is usually quite strong and could affect the radiation measurement. A bandpass filter is used to filter off the <900 nm radiation. To assure that no (5) 265003-1 Ó 2011 American Physical Society scattered light can arrive at the CCD camera and the spectrometer, the entire imaging system is enveloped and sealed in a black box. The spatial distributions of the NIR radiation from the targets with grated and smooth upside surfaces are shown in Figs. 1(b)-1(d) . The effect of the grating on the radiation can be clearly seen by comparing the radiation patterns from the grated and smooth surfaces in Figs. 1(b) and 1(c), respectively. A bright radiating spot, of width 500 m and nearly flat intensity distribution, on the grated surface is recorded by the CCD camera. In contrast, with the smooth surface the emission intensity reaches a peak close to the spot where the laser hits the target and decreases exponentially away from it. The energetic electron beam originating from the laser spot, which is 115 m below the grated surface, first propagates inside target plasma, and SPR is emitted when it reaches and propagates along the grated surface. The emission intensity distribution shown in Fig. 1 (d) indicates a divergence angle of 10 -25 for those energetic electrons (> 10 MeV) contributing to SPR generation. This is consistent with that (typically 10 -30 )of laser-accelerated hot electrons in overdense plasmas and can be attributed to the confinement effect of the selfgenerated magnetic fields [6, 7] .
For the analytical modeling, the laser-accelerated electron beam is assumed to be a low-emittance Gaussian electron bunch with temperature T e and length propagating stably over the grating. The total angular spectral density of the radiation from the bunch may be written as [8] 
where N e is the bunch population, N g the period number of the grating, I the beam current, Àe the electron charge, " 0 the vacuum permittivity, b the distance between the beam and the grating surface, l the grating period, the observation angle, n the harmonic order of the radiation, ¼ v=c the normalized electron velocity, c the light speed, ¼ ð1 À 2 Þ À1=2 the electron relativistic factor, jR n j 2 is associated with the efficiency of the grating structure, and fð; Þ¼exp½Àð cos=Þ 2 describes the coherence effect associated with the electron bunch's profile [9] . If the bunch length is much smaller than the emission wavelength , one obtains intense coherent emission. Otherwise, only weak incoherent emission is produced. The corresponding wavelength of the radiation of a single electron is given by [10] ¼ð1 À cosÞl=jnj:
In the experiment, the length of the electron bunch is about 18 m after 1.5 mm of propagation, and the electron temperature as measured is about 8 MeV. Figure 2(a) shows the energy dependence of the normalized radiation efficiency for a single electron and the electron bunch, as given by Eq. (1). For the single electron, the radiation intensity (solid black line) increases (nonlinearly) with the electron energy. However for the electron bunch with a temperature of 8 MeV, the total radiation intensity (solid red line) peaks at 20 MeVand then drops rapidly because of a corresponding decrease of the electron number. Over 90% of the radiation power can be attributed to the hot (> 10 MeV) electrons in the gray-shaded area. The blue curve in Fig. 2(a) shows the dependence of the radiation wavelength on the electron energy at 79.7 observation angle. According to Eq. (2), at any given observation angle the radiation wavelength of these electrons should be almost the same. Figure 2(b) shows the radiation spectra measured by the spectrometer. Two peaks of the radiation emitted from the grating surface with quasisingle frequency are observed. The spectrum peak (black squares), shifting from 985.6 to 997.6 nm as the observation angle changes from 79.7 to 80.3 , agrees perfectly with the theoretical result (dashed line) from Eq. (1). For the smooth-surface target, only very weak emission in this frequency range can be detected. The weak emission can be attributed to other mechanisms such as transition [11] and blackbody [12] radiation at low efficiencies. To further verify the radiation mechanism, 2D particlein-cell (PIC) simulations are carried out using the PDLPICC2D code [13] . In the simulations, the wedge target is assumed to be a fully ionized plasma of initial density n ¼ 100n c , where n c is the critical density. Its upper surface has a sawtooth grating structure. The height of the sawtooth is 2 m, and spatial periods from 5 to 20 m are considered. A linearly p-polarized laser, Gaussian in the transverse and axial directions, is focused on the wedge target 12:5 m below the grating surface with a spot radius of 5 m. The laser intensity is 1:37 Â 10 20 W=cm 2 , the wavelength is 1 m, and the pulse duration is 33 fs.
In all the cases simulated, we found that SPR is emitted as the hot electron bunch propagates along the grating surface. The hot-electron temperature T e is about 5 MeV, which is obtained from Wilks' scaling law [14] . As long as the electrons propagate stably, the low frequency radiation continues. Figure 3 Smith-Purcell result [15] . Figs. 3(b) and 3(d) , respectively. One can clearly see that for both cases the results (black dots and red dashed line) from the first order Smith-Purcell relation for nearlight-speed electrons agree well with those from the simulations. That is, the emission is indeed mainly from the very fast electrons. We also see that the grating period affects both the amplitude and the spectrum of the SPR emission. The maximum radiation amplitude for l ¼ 20 m is eE z =m! 0 c $ 0:03 (corresponding to a field of 9 Â 10 10 V=m), which is about 1.5 times that for l ¼ 10 m. For longer grating periods even higher order emissions can be obtained. In fact, harmonic emission up to the fourth order can be found in Fig. 3(d) , although only the second harmonic emission is observable in Fig. 3(b) .
Figures 4(a) and 4(b) show the transverse fields at the surface of the target. The radial electric field E y , or the charge separation field induced by the escape of highdensity MeV electrons, acts to pull the slower electrons back to the surface. A strong negative azimuthal magnetic field B x , of the order of a few hundred megagauss, is created and it tends to confine the electrons. Since the hot electrons have speeds close to that of light, balance of the electric (eE y ) and magnetic (ev e B x =c) forces tends to confine and collimate the electrons, so that the latter can propagate stably along the grated surface [16] .
In view of the theoretical expression (1), the results here indicate that the NIR radiation found in our experiments can be tuned to the THz range by a straightforward scheme. For example, with the same experimental parameters, increasing the grating period l to 1 mm would increase the radiated wavelength at ¼ 90 to 1 mm. Furthermore, Fig. 5 shows that when the grating period is larger than or comparable to the electron-bunch length, the emission intensity abruptly increases [because of the coherency factor fð; Þ, which is represented by the green-blue curve]. It is found that the 1:2 m grating results in incoherent SPR emission, which is usually weak. We have also simulated this case, but the SPR emission is so weak that it is submersed in the background noise.
However, in the THz regime (gray-shaded area in Fig. 5 ) the coherent enhancement is about 8-10 orders of magnitude higher than the incoherent case for the measured bunch electron number 10 11 . Deconvolution of the efficiency of the spectrometer shows that the power of the incoherent NIR radiation found in our experiments is $3:8 Â 10 2 W=cm 2 . For the same laser parameters, as the grating period is tuned to 20 m, PIC simulation suggests a radiation intensity of 3 Â 10 12 W=cm 2 .I n Fig. 5 the experimental and simulation normalized intensities are shown as black and gray (red) solid squares, respectively. The enhancement effect is consistent with the curve obtained from Eq. (1). Thus one should be able to realize a very powerful THz source by improving the electron beam quality [17] and/or optimizing the coupling between the electron bunch and the target.
In conclusion, for the first time NIR emission around 1000 nm has been experimentally realized by coupling a periodic grating surface to the energetic electron bunches generated in intense ultrashort pulse laser interaction with plasma. It is identified to be due to the Smith-Purcell effect. Since the electron-bunch length is larger than the grating period of about 1:2 m in the experiment, the emission is incoherent. On the other hand, the radiation wavelength can be controlled by varying the grating period and the observation angle. PIC simulation and theory indicate that the radiation becomes coherent as the grating period is increased to larger than 10 m. As a result, its intensity can be enhanced by an order of magnitude, similar to the number of the MeV electrons. This scheme can thus be useful for realizing an intense tunable tabletop THz farinfrared FIR radiation source. 5 (color online) . Dependence of the radiation intensity on the wavelength with (red solid line) and without (black dotted line) the coherence factor. The latter depends on the radiation wavelength and is given by the blue-green solid curve. The radiation intensities measured from experiments and PIC simulations are shown as the black and gray (red) solid squares, respectively. The intensities are normalized by that of the incoherent 1 m radiation.
